Objectives: The aim of this clinical trial was to investigate the duration of mandibular-crowding alleviation with piezotome-corticision orthodontics compared with conventional orthodontics. Design: Single-centre, two-arm parallel group randomized controlled trial. Setting: Orthodontic clinic at the University of Connecticut. Ethical approval: The study was approved by the Institutional Review Board (IRB # 12-0147-2). Subjects and methods: Forty-one adult subjects from a single centre with more than 5mm of mandibular anterior crowding were randomly allocated using block randomization into experimental and control groups. The experimental group received a corticision procedure with a piezotome on the labial aspect of the mandibular incisors in conjunction to a self-ligation fixed orthodontic appliance. The control group received the self-ligation fixed orthodontic appliance and no corticision. Same archwire sequence (0.014 inch followed by 0.014 × 0.025 inch copper-nickeltitanium) was followed for both groups. Mandibular study casts taken every 4-5 weeks were used to assess changes in the irregularity index by blinded outcome assessors. Outcome measures: The time to alignment was calculated in days. Results: Twenty-nine subjects (16 experimental and 13 control) completed the study. Overall, no significant difference in the time required to correct mandibular crowding with piezotomecorticision assisted (102.1 ± 34.7 days; 95% CI, 83.6 to 120.6) and conventional orthodontics (112 ± 46.2 days; 95% CI, 84-139.9) was observed. No complications with treatment or unintended consequences were observed on any of the subjects. Limitations: A high attrition rate. Conclusions: This randomized clinical trial found no evidence that piezotome-corticision assisted orthodontics was more efficient in alleviating mandibular anterior crowding. Registration: ClinicalTrials.gov, Identifier: NCT02026258.
Introduction
Different surgical approaches have been described to accelerate the rate of tooth movement that encompasses varying degrees of invasiveness. The most invasive procedures include reflection of periodontal flaps and more extensive bone injury. Corticotomies is one of these surgical procedures reported to be effective in accelerating the rate of tooth movement (1, 2) .
In an attempt to reduce the invasiveness of corticotomies, a corticision procedure involving transmucosal cortical incisions without flap reflection was introduced (3) . In this technique a reinforced scalpel secures the necessary bone injury to the alveolar bone through small gingival incisions. Acceleration in anabolic and catabolic bone remodelling in a feline model, with no pathologic changes or root resorption, was shown with this technique. A modified version of corticision, using a piezotome instead of a scalpel in order to inflict bone injury, has been applied clinically in a procedure labelled piezocision (4) . This technique entails labial interproximal piezoelectric microincisions into the cortical and trabecular bone combined with bone augmentation via tunnelling.
Recently, favourable results in accelerating the rate of tooth movement and reducing treatment duration have been reported with piezocision. In a split mouth design comparing corticotomies or piezocision approaches to conventional maxillary canine retraction after extraction of a first premolar, it was shown that both methods were able to accelerate the rate of tooth movement (5) . Similarly, a randomized clinical trial found a 43 per cent reduction in total treatment duration in a group that underwent a piezocision procedure compared to a control group undergoing conventional orthodontics (6) .
Many factors can influence the duration of orthodontic treatment. Some of these are beyond the control of the orthodontist such as patient compliance with their appointments, following instructions of the orthodontist such as elastics wear, and appliance breakage. Thus, in order to appropriately evaluate an approach and its effects in accelerating orthodontic treatment, a more defined and specific time frame, less influenced by external factors, needs to be used. One such model is the evaluation of the rate of mandibular anterior alignment in non-extraction treatment. This has been an often-used model to evaluate the effects of self-ligation brackets compared to conventional brackets in the rate of alignment (7, 8) .
The main aim of this study was to compare the time required to achieve complete alignment of crowded mandibular anterior teeth (canine to canine) between piezotome-corticision assisted and conventional orthodontics. The null hypothesis was that there is no difference in the rate of alignment between patients undergoing corticision with piezotome and the control group.
Materials and methods

Experimental design
A two-arm parallel-group randomized clinical trial was designed to evaluate the rate of lower incisor alignment in a group undergoing piezotome-corticision (piezotome group) compared to a conventional orthodontic group (control group). The study was conducted at the University of Connecticut Orthodontic Clinic after ethical approval from the Institutional Review Board (IRB # 12-0147-2) and written consent was obtained from all individuals participating in this study. The study was registered at ClinicalTrials.gov (Identifier: NCT02026258). The start date of the trial was February 3, 2012 with a conclusion date of January 8, 2016.
Sample size
Based on previous findings, it takes approximately 117 ± 46 (SD) days for complete alignment of the mandibular anterior teeth in subjects with severe crowding treated without extractions (8) . For a clinically significant 40 per cent faster alignment in the piezotomecorticision group compared to the control group at an alpha-level (P = 0.05) and desired power of 80 per cent, a sample size of 28 subjects (14 per group) was required. Assuming an overall attrition rate of 28 per cent, initial recruitment target was a total of 40 subjects with 20 subjects per group.
Subject population
Subjects were selected from a large pool of subjects presenting to the orthodontic clinic based on the following inclusion criteria: 1. adult subjects 18 or older, 2. single arch or double arch treatment, 3. non-extraction treatment in the mandibular arch, 4. presence of the full complement dentition from mandibular first molar to first molar, 5. no spaces in the mandibular arch, 6. mandibular anterior crowding (Little's irregularity index) >5, 7. subjects with healthy periodontium and attachment loss of up to 2 mm and 8. no therapeutic intervention planned involving intermaxillary or other intraoral or extraoral appliances including elastics, lip bumpers, maxillary expansion appliances, or headgear prior to the complete alignment of the mandibular anterior teeth. The exclusion criteria were: 1. failure to provide oral and written consent to participation, 2. medical problems that affect tooth movement (Table 1) , 3. presence of primary teeth in the mandibular anterior area, 4. missing permanent mandibular anterior teeth, 5. inability to place brackets in any of the teeth anterior to the second mandibular molar and 6. breakage of any of the mandibular anterior brackets that have not been replaced within a week.
Randomization and allocation sequences
Randomization sequences were generated using Random Allocation Software program. Random block sizes of six and eight and allocation ratio of 1:1 were generated to ensure balanced numbers in each group. The allocation sequences were sealed around with aluminium foil in envelopes with identical appearance, and were stored in a box.
Prospective subjects were identified based on initial records obtained in the orthodontic clinic by the multiple providers. Subjects who met the inclusion criteria were informed about the study and consent was sought for participation. Once consent was obtained, the subject picked an envelope from the box and handed it to the study coordinator, who allocated the subject to a particular group based on the allocation sequence in the envelopes.
Orthodontic appliance
Mandibular teeth first molar to first molar were bonded with passive 0.022 inch self-ligating Carriere brackets (Ortho Organizer, Carlsbad, CA). The orthodontic wires were placed during the piezotome-corticision procedure appointment for the experimental group and during the bonding appointment for the control group. Experimental subjects were followed 1 week after the first wire placement to evaluate the surgical sites. Subjects were followed monthly (every 4-5 weeks) after the first wire placement during which alginate impressions were taken. The archwire sequence for both groups was a 0.014 inch copper-nickel-titanium archwire for the first two visits followed by a 0.014 × 0.025 inch coppernickel-titanium archwire until alignment completion. The time the subjects received their first archwire (T0) was recorded. The alignment of the mandibular anterior teeth was clinically checked using a periodontal probe at every appointment and confirmed on dental casts to determine the end point of the study. Also, the position of the brackets were evaluated during each appointment and if needed were repositioned to achieve ideal alignment. When the alignment of the lower anterior teeth was obtained, this was considered the last time point. This was assessed by clinical evaluation of the mandibular anterior segment based on the contact displacements from canine to canine. In addition, if it was determined that repositioning of the brackets would no longer help with alignment and a bend in the wire was deemed necessary to complete the alignment, the subject was considered complete. For all patients the irregularity index corresponding to the final time point was ≤2 mm. The alignment of the posterior teeth was not used in the determination of the rate of alignment. The time taken to reach alignment for each patient and the rate of tooth alignment were calculated. Subjects refrained from using analgesics containing ibuprofen.
Piezotome-corticision procedure
Experimental subjects underwent the piezotome-corticision procedure performed by a periodontist based on a modification of the technique described by Dibart et al. (4) . Panoramic radiographs were utilized to assess the long axes of the teeth and root proximity prior to the procedure. Local anaesthetic was administered using 2 per cent Lidocaine with 1:100 000 epinephrine. The depth of gingival tissue was determined through bone sounding using a periodontal probe. A #15C Bard-Parker scalpel was used to make three incisions through the gingiva, 4mm below the interdental papilla to preserve the coronal attached gingiva. These three vertical incisions were made interproximally between the mandibular canines and lateral incisors, and central incisors on the labial aspect of the mandible through the gingiva and the underlying bone. The soft tissue incisions were 4mm in length. After the incisions were made, the gingiva was slightly elevated laterally to visualize the bone and roots. A piezosurgery knife (BS1 insert, Satelec Acteon Group) was used to create the cortical alveolar incisions to a depth of 1 mm within the cortical bone (Figure 1 ). The depth of the cortical incision was limited to 1mm by ensuring that the BS1 insert penetration did not exceed the measured depth of the gingiva plus 1 mm of cortical incision. Postoperatively, subjects were advised to rinse with chlorhexidine mouthwash twice a day for one week and take acetaminophen as needed. All experimental subjects were contacted the day after the procedure to ensure no complications with surgery and were followed up one week post-surgery to assess for signs of infection and ensure normal healing.
For the duration of the trial, two periodontists performed the surgical procedures and three orthodontic residents, under the supervision of the principal investigator, were responsible for the orthodontic treatment. 
Data collection
Orthodontic outcomes
Little's irregularity index (9) was used to measure the amount of crowding on the dental models at every appointment. Patient codes were assigned to the models prior to measurement to ensure blinding of the evaluators. Two blinded outcome assessors, different from the study coordinator were calibrated in the assessment of the Little's irregularity index. The irregularity index was measured twice using a fine-tip digital caliper (Mitutoyo Corp, Japan). The reliability of the dental cast measurements was assessed using Cronbach's alpha on nine dental models made 2 weeks apart. Cronbach's alpha was 0.99 for intra-and inter-examiner measurements.
Statistical analysis
Simple descriptive statistics were used to summarize the data and examine distributions. Normality of data distribution of the outcome variables was assessed by a Kolmogorov Smirnov test. Since the majority of the outcome variables were not normally distributed, bivariate tests of association between treatment group (control versus experimental) and outcomes was assessed by non-parametric tests (Mann-Whitney U-tests). Characteristics between control and experimental groups were examined by independent sample t-tests and Fischer's exact tests. The associations between treatment group and outcomes were also examined by multivariable linear regression models. In these models, the potential confounding effects of age and gender were adjusted. All statistical tests of associations were two-sided and a P value of <0.05 was deemed to be statistically significant. Statistical analyses were conducted using SPSS Version 23.0 software (IBM Corp, New York). Figure 2 illustrates the subject flow through the trial using a CONSORT diagram. The trial was conducted in a single centre (University Clinic). Out of the 41 subjects enrolled in the study, 20 were allocated to the control and 21 to the experimental groups. Six subjects did not receive the allocated intervention for different reasons such as patient not starting treatment (three subjects), periodontal disease after careful evaluation of records (two subjects) and change in the treatment plan (one subject) from a non-extraction to an extraction approach. Three subjects were lost to follow up. Two control and one experimental subjects were excluded from the analysis due to insufficient initial irregularity index as determined by the outcome assessors, leaving a total of 29 subjects completing the study and analysed (16 experimental and 13 control). No complications with treatment or unintended consequences in any of patients in both groups were observed during the trial.
Results
Participant flow
Outcome
Time to alignment
The characteristics of study participants are summarized in Table 2 . Baseline descriptives of the outcome variables (by control and experimental groups) are summarized in Table 3 . Prior to start of treatment (T0), the mean irregularity score in the control group was 8.32 (compared to 6.73 in the experimental group; P = 0.12). Irregularity scores at T1, T2, T3 and T4 were also not significantly different between the control and experimental groups. By the time point T4, a vast majority of patients in both control and experimental groups were aligned within a Little's irregularity index score of <2 mm. Overall, with regards to the alignment rate between different time points, there were no significant differences between the control and treatment groups. The mean total number of days to complete alignment in the control group was 112 ± 46.2 days (95% CI, 84-139.9) compared to 102.1 days ± 34.7 days (95% CI 83.6-120.6) in the experimental group. This difference was not statistically significant (P = 0.52).
The results of the multivariable linear regression models examining the effect of treatment (experimental compared to controls) on outcomes following adjustment for the effects of age and gender are summarized in Table 4 . The results of the regression analyses showed there were no significant differences in any of the outcomes between the experimental and control groups (P ≥ 0.05).
Discussion
In this randomized clinical trial we were unable to reject our null hypothesis since we found that corticision with a piezotome does not increase the rate of orthodontic alignment in the mandibular incisors with fixed appliances. The mean treatment time to alignment for the mandibular anterior teeth in conventional orthodontics with severe crowding (irregularity index >5 mm) has been shown to take from 117.1 ± 46 days (8) , which is consistent with our results for both groups.
Animal experiments with similar non-flap piezotome-based procedures have yielded conflicting results. Kim et al. (10) performed cortical punctures using a piezotome in beagle dogs and found greater anteroposterior tooth movement than controls. Similarly, Dibart et al. (11) found the same acceleratory effects on rats with a similar tooth movement model involving piezocision cuts mesial and distal to the first molar. On other hand, Ruso et al. (12) found on foxhound-mix dogs a very small acceleratory effect with a piezocision procedure and speculated that accelerating tooth movement is dependent on a flap procedure that generates a larger insult to the alveolar bone.
Our findings are not consistent with another randomized clinical trial evaluating the effects of piezocision in the rate of tooth movement. Charavet et al. (6) found that a piezocision procedure was able to reduce total treatment duration by 43 per cent compared to a conventional orthodontics group. Our study differs from theirs in that our primary goal was to measure the efficiency in the alignment phase. It is well known that treatment duration is affected by many factors such as patient compliance, quality of outcome, and complexity of treatment. The alignment phase is not influenced by these factors. Furthermore, it has been reported that the effect of localized surgical insults to the alveolar bone to be temporary (13) (14) (15) , thus evaluation performed in the long term may not appropriately measure the acceleratory effects of the technique.
When we compare the alignment rates for both studies, we find that there was a statistically significant difference between the control and experimental groups in Charavet et al. study (6) ; however, their criteria for determining the end of the alignment phase was not well objectively defined. Instead, it was determined based a subjective assessment of a clinician to progress to the next archwire. Furthermore, their study did not measure the rate of alignment on each appointment. Interestingly, they were able to place a 0.018 inch × 0.025 inch copper-nickel-titanium wire in the piezocision group after approximately 100 days, but only after approximately 200 days in their control group, even though both groups had minimal crowding (average <3 mm). Based on our rates of alignment, both experimental and control groups in our study would have been able to receive this wire after approximately 100 days.
One main difference between the studies was the depth of the piezocision. The IRB of our institution only allowed to penetrate into the bone cortex up to 1 mm instead of 3 mm described in the technique, since they considered that root injury was likely with deeper penetration. It may be therefore speculated that a surgical insult that also involves the trabecular bone may be more effective in affecting the bone remodelling processes and thus increase the rate of tooth movement.
Limitations
Like any other clinical trial, there were some limitations in this study. The major limitation was the attrition rate, which was high. Based on our sample size calculation, we required 14 subjects per group (total n = 28) to have 80 per cent power to detect what we established as a meaningful clinical difference (40 per cent difference in alignment rate) in the primary outcome variable. The final sample in our study comprised of 29 subjects. One subject in the control group dropped off and hence we could not include in the final analysis. Therefore, the study was short by one patient (based on a-priori sample size estimation) in the control group. Consequently, our study could be underpowered. However, the mean alignment days in the piezotomecorticision assisted group was 102.1 days (compared to 112 days in the control group). There was only about 10 per cent difference in alignment rate between the two groups. Consequently, adding one more subject in the control group would not have changed our conclusion. The difference between the groups for the primary outcome (alignment of the mandibular incisors) was so small; that a larger sample would have likely yielded similar results. Finally, another limitation was the trial design as it was a single centre clinical trial, which limits the generalizability of the results. Larger scaled studies will likely address some of the limitations of this study.
Nonetheless, within the limitations described above, the results of this study show that the alignment rate is not affected. Based on the ineffectiveness and costs of the procedure, recommendation of corticision with a piezotome to accelerate the rate of tooth movement is questionable.
Generalization
The generalizability of the results might be limited since this research was conducted in a single center.
Harms
No serious harms were observed during the entire duration of the study.
Conclusion
The results of our study showed that there was no difference in the time required to correct mandibular anterior crowding between piezotome-corticision assisted and conventional orthodontics.
